Ultraviolet photodissociation tandem mass spectrometry is a powerful tool to investigate the structure of biomolecules, due to its ability to generate rich fragmentation patterns or bond selective cleavage, as a function of used laser wavelength, laser fluence, dose (number of accumulated laser pulses), and available chromophores. Herein, we report first results obtained with a newly developed two-wavelength (266 nm and 213 nm) ultraviolet photodissociation setup coupled to a Fouriertransform ion cyclotron resonance mass spectrometer. Photoproduct yields for protonated 3-iodo-L-tyrosine were up to $75%. Dose and fluence dependent measurements for protonated 3-iodo-L-tyrosine, doubly charged protonated bradykinin and Fe(II) attached to 1,2-dioleoyl-sn-glycero-3-phosphocholine reveal that the ultraviolet photodissociation mechanism for photoproduct formation qualitatively differs between these model systems. Three derived photodissociation models were used to interpret the experimental results and show that while protonated 3-iodo-L-tyrosine and Fe(II) attached to 1,2-dioleoyl-sn-glycero-3-phosphocholine most likely dissociates via a single-photon process, fragmentation of doubly charged bradykinin ions was found to be most consistent with sequential two-photon dissociation (213 nm). The introduced dissociation models present an easy means to study the mechanism of ultraviolet photodissociation processes for a variety of analytes without prior knowledge of their photochemistry or to optimize experimental conditions by adjusting laser fluence or number of laser pulses.
Introduction
Recent advances in instrumentation and technology have propelled ultraviolet photodissociation (UVPD) into the forefront of tandem mass spectrometry research. [1] [2] [3] In most ''omics'' disciplines such as proteomics or lipidomics, compound assignment is based on chromatographic separation and collision-induced dissociation (CID) tandem mass spectra. Fragment ions in CID experiments are mainly formed after redistributing the acquired energy in gas collisions into the vibrational heat bath of the activated analyte molecules, yielding thermodynamically/kinetically controlled fragment ions upon direct fragmentation or rearrangement reactions. 4 Whereas CID-derived fragment ions can help to identify many molecular ions, especially proteomics or lipidomics applications suffer from misassignments/ unidentified peptide signals or the lack of structurespecific fragment ions, respectively. 1 For example, Brodbelt and coworkers recently showed that de novo sequencing of peptides can greatly be enhanced when using the combined information from CID and UVPD mass spectrometry. 5 Using bottom-up proteomics to study Escherichia coli lysates, they demonstrated that 2617 signals were identified by CID tandem mass spectrometry, while CID combined with 351 nm UVPD results from derivatized peptides allowed to assign 3835 peaks from the same sample. 5 Unlike in proteomics, where peptide ions fragment upon CID, but full sequence coverage may not be achieved, lipid fragmentation with CID is complicated by the absence of structure-specific fragment ions, making compound assignment challenging. 6 In one of the first studies of lipid analysis with UVPD, O'Brien et al. showed that CID and higher-energy collision-induced dissociation (HCD) are not able to identify all carbohydrate-lipid linkages of lipid A compounds, whereas 193 nm UVPD allows for an almost full structural characterization of this lipid class. 7 The structural specificity of the UVPD method results from the fact that the extent of fragmentation or even the location of bond cleavage can be controlled by the choice of wavelength, the laser pulse energy, and attached chromophores, different from CID experiments.
For example, a very selective way to induce fragmentation or define the fragmentation site with UV laser light was devised by the group of Julian. 3 Modifications of tyrosine with iodine yielding 3-iodo-L-tyrosine within the protein sequence allows to selectively cleave C-I bonds with 266 nm UV light. 8 Created tyrosine radicals can drive fragmentation via radical-directed dissociation (RDD) after CID activation. For example, depending on protein charge state of electrosprayed ubiquitin ions, selective RDD can occur in close spatial proximity to the tyrosine radical moiety for folded protein structures, whereas the radical site can migrate along the peptide backbone of the unfolded protein and generate fragment ions. 9 The authors suggest that this structure-dependent fragmentation could be used to probe secondary and/or tertiary protein structure in the gas phase. Related methods were developed by the groups of Blanksby and Julian for lipid structure identification. 10, 11 Another UVPD approach that is on the opposite end of developed UVPD methodologies with regard to bond selectivity is top-down UVPD mass spectrometry. [12] [13] [14] [15] Instead of introducing chromophores for selective activation by UV light, common structural features of the investigated molecule are activated in these UVPD experiments with the goal to maximize number and type of fragment ions. 1 For example, Shaw et al. showed that 193 nm UVPD mass spectra of ubiquitin contain ion signals of the a-, b-, c-, x-, y-, and z-series, and a sequence coverage of 100% is achieved as compared to CID/ HCD with only 70-90% (different charge states) sequence coverage. 12 Sequence ions from almost all peptide fragmentation series are obtained by activating the amide bond * transitions by 193 nm laser light leading to CID-type y-and b-ions but also to a-, c-, x-, and z-ions, presumably by 193 nm-induced homolytic bond cleavage events. Combinations of 193 nm/ 213 nm UVPD methods with other fragmentation approaches such as infrared multiphoton dissociation (IRMPD) or CID/HCD were developed to enhance the fragmentation efficiency and information content of corresponding tandem mass spectra. 13, 16 Even the fragmentation and fragment assignment of native protein complexes has become feasible with UVPD methods coupled to high-performance mass spectrometers. 14 Despite the advancement of tandem mass spectrometry for biomolecules due to UVPD methods coupled to high-performance mass spectrometers and dedicated software tools, investigations on the influence of experimental UVPD parameters such as laser wavelength, laser fluence, and dose (number of laser pulses) are scarce. Only a few groups have examined the UVPD mechanism for small model systems such as dyes, small peptides, or carbohydrates. [17] [18] [19] [20] [21] [22] Even fewer UVPD studies were published for lipid structure identification. The first systematic studies were published recently, describing the use of 193 nm UVPD for lipid A, gangliosides, phosphatidylcholine, and sphingomyelin tandem mass spectrometry. 7, [23] [24] [25] [26] First results for small amino acids, peptides, and cationized lipids obtained with a newly installed UVPD setup using 213 nm or 266 nm wavelength, coupled to a high mass resolution/high mass accuracy mass spectrometer, are presented in the following. Wavelength-dependent UVPD results and corresponding photoproduct ion yields are discussed in the context of absorption cross sections and photochemical fragmentation reactions. Three photodissociation models were derived to interpret the dose and fluence dependence of UVPD experiments in the absence of gas collisions and to deduce a basic understanding of the UVPD mechanisms for the investigated analytes.
Experimental

Instrumentation and sample preparation
All experiments were performed on a 7 T linear ion trap/Fourier transform ion cyclotron resonance (FT-ICR) hybrid mass spectrometer (LTQ FT Ultra, Thermo Fisher Scientific, Bremen, Germany) modified for UVPD experiments. A scheme of the instrument is shown in Figure 1 . An electrospray ionization source (ESI; Thermo Fisher Scientific, Bremen, Germany) was used to generate positive ions by applying þ3.5 to þ4.5 kV to the capillary of the ESI source with respect to the mass spectrometer inlet capillary. Solution flow rates were set to 3-7 mL/min. Ion optics guided positive ions from atmospheric pressure into the linear ion trap, held at a base pressure of $10 À5 mbar (Figure 1 ). For all presented experiments, positive ions were either isolated (isolation width Ám/z ¼ 2.5) or isolated and fragmented using CID (normalized collision energy, NCE, 0-25) in the linear ion trap. Isolated ions and possible fragment ions were transferred into the FT-ICR part of the instrument. In the FT-ICR cell, UVPD experiments and m/z analysis were performed (Figure 1 ). The base pressure in the FT-ICR cell was 2 Â 10 À10 to 4 Â 10
À10
mbar for all experiments. Mass spectra were collected with a mass resolution setting of 100.000 at m/z 400 and 10-200 scans were averaged to calculate photoproduct yields.
For UVPD experiments, the ZnSe window, installed for IRMPD on the commercial version of the instrument, was replaced by a UV-grade fused silica viewport (Hositrad, Hoevelaken, Netherlands). This modification allowed UV light to pass into the FT-ICR cell und perform UVPD experiments. The fourth harmonic (266 nm; Brilliant B, Quantel, Les Ulis, France) and fifth harmonic (213 nm; Tempest, New Wave Research, Portland, USA) of two Nd:YAG lasers, both operating at 20 Hz with pulse energies of up to 25 mJ (266 nm laser) and 0.7 mJ (213 nm laser), were guided into the FT-ICR cell using dichroic mirrors (266 nm: Thorlabs, Munich, Germany; 213 nm: CVI laser optics, Albuquerque, NM, USA). Switching between the two wavelengths was possible by removing/installing the final 213 nm dichroic mirror, installed on a positionmaintaining post collar (Thorlabs, Munich, Germany). The laser pulse energies of both lasers were controlled by variable attenuators. For the 213 nm laser, the attenuator was preinstalled in the laser system ( Figure S1 ), whereas for the 266 nm laser, a polarization attenuator system (Eksma optics, Vilnius, Lithuania) was installed ( Figure S2 ). The laser energies were measured with a laser power meter (FieldMaxII-TOP, Coherent, Dieburg, Germany) just in front of the UV silica viewport. Before installation of the UV silica viewport, its transmission at 213 nm (92%) and 266 nm (95%) was measured to correct corresponding laser pulse energy values. The laser beams were collimated by apertures, and beam diameters were measured on both sides of the FT-ICR magnet using laser paper. Mass spectrometer and lasers were synchronized using the output signal of the IRMPD trigger box of the instrument. A home-built delay generator was used to modify the trigger signal of the IRMPD box and to adjust the Q-switch to flashlamp delay. The modified trigger signal was used to trigger the Nd:YAG lasers.
All solvents were purchased from Sigma Aldrich (Munich, Germany) and were of LC grade or higher. Bradykinin acetate (!98%), 3-iodo-L-tyrosine (!97%), formic acid (!96%), FeCl 2 (!99%), and LiCl (!99%) were purchased from Sigma Aldrich (Munich, Germany). DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) was purchased from NOF Corporation (New York, USA). Experiments were performed with 10-100 mM solutions of analytes in methanol/water 50/50 or pure methanol and adding 1% formic acid or 0. 
Dissociation models
A quantitative measure for the efficiency to dissociate molecules by UV laser irradiation is the photoproduct yield, PY, which is defined as
In equation (1), I A is the mass spectrometric signal intensity of the precursor ion and I P is the sum of all product ion intensities, I P ¼ AE i 6 ¼ A I i , in an UVPD mass spectrum. Consequently, PY characterizes the fraction of ions that have undergone a UV light-induced dissociation process. The fraction of precursor ions that did not dissociate upon UV irradiation is given by The laser pulse energy per unit area, i.e. the fluence, , and the number of applied laser pulses, p, used in UVPD experiments can influence the fragment ion number, relative abundance of fragment ions, and consequently PY values in UVPD mass spectra. The precursor absorption cross section at the UVPD laser wavelength, the number of photons required for UVPD, the dissociation threshold/kinetics, relaxation channels of excited electronic states, such as intersystem crossing, fluorescence, and internal conversion (IC), can all influence the dependence of PY on and p in UVPD. Therefore, three simplified dissociation models are introduced in the following that allow to deduce an expression for PY as a function of and p in the absence of gas collisions. At a base pressure of $2 Â 10 À10 mbar collisions between ions and background gas can safely be neglected for trapping times of a few seconds as long as ions are not excited to larger cyclotron radii. 27 Schematic energy/time diagrams of the dissociation models are shown in Scheme 1. The models were derived based on the rate equation formalism for light-induced processes. Kinetics of the dissociation process itself or dissociation thresholds were not taken into account. A more detailed discussion on rate equations and their use in modeling light-induced processes such as multiphoton ionization is found in Zakheim 28 and Boesl et al. 29 The UVPD models are detailed in the Supporting Information and only the final results are discussed in what follows.
Model (a).
Single photon photodissociation (Scheme 1(a)) with complete (equation (3))
and incomplete (equation (4)) ion-laser beam overlap
The parameter is the beam overlap parameter ranging from 0 to 1. The single-photon absorption cross section, Planck's constant, and the frequency of the laser light are abbreviated by 01 , h, and , respectively.
Model (b).
Simultaneous absorption of two photons leading to two-photon photodissociation (Scheme 1(b)) is described by
where 02 is the two-photon absorption cross section and t L is the laser pulse duration.
Model (c).
Sequential two-photon absorption/dissociation (Scheme 1(c)) is discussed in the Supporting Information in detail, while similar expressions can be derived for multiple sequential photodissociation events. 30 We assume that the UV absorption cross sections for both sequential photoabsorption events are identical. Photons that do not induce dissociation in UVPD will heat the corresponding ions, i.e. increase the ion's internal temperature, before a second UV photon absorption event results in dissociation. For most molecules, the UV absorption cross sections do not strongly depend on temperature 31 and thus the assumption of constant absorption cross sections in the sequential photoabsorption UVPD model is, to a Scheme 1. Schematic energy/time diagram for the discussed photodissociation models. The S x abbreviations are only used to label the electronic states involved in UVPD experiments but do not necessarily reflect the energetic order of these states relative to other existing electronic states. Photodissociation is indicated by three wiggly arrows. (a) Single-photon absorption from the electronic ground state, S 0 , to the excited electronic state, S 1 , will result in photodissociation from S 1 , or from vibrationally excited states of the electronic ground state, S 0 *, after full IC. (b) Two-photon absorption from the electronic ground state, S 0 , to the high-energy excited electronic state, S 2 , will result in photodissociation from S 2 or from dissociative states that are accessible from S 2 . Please note that state S 1 is not required for this process. (c) Single-photon absorption from the electronic ground state, S 0 , to the high-energy excited electronic state, S 1 , is not sufficient to dissociate ions. UVPD is only possible after sequential absorption of a second UV photon and excitation to S 2 or high-lying vibrational states of S 1 .
first approximation, justified. The relation between PY and / p for model (c) is given by
Results and discussion Wavelength-dependent UVPD of protonated 3-iodo-L-tyrosine
To investigate the influence of the fragmentation method and UV wavelength on the fragmentation of a model system, protonated 3-iodo-L-tyrosine
) was studied and CID/UVPD results are shown in Figure 2 . Figure 2(a) ) leads to the neutral losses of NH 3 (m/z 290.951; star) and CO 2 H 2 (m/z 261.972, triangle), known to dominate CID tandem mass spectra of protonated amino acids.
When using laser light of wavelength 266 nm to perform UVPD experiments, the UVPD mass spectrum differs from CID results (Figure 2(b) ). Instead of NH 3 and CO 2 H 2 loss, the most intense fragment ion signal is at m/z 181.074 (square). (n,*) state and subsequent loss of an iodine radical. 32 Assuming that similar processes are responsible for the iodine loss of
þ is most likely a singlephoton dissociation event. The fragment ions in Figure  2 (b) between m/z 80 and 135 are most likely secondary fragments of [Tyr+H] + radical ions, as they were not found when less than 10 laser pulses were used for 266 nm UVPD experiments (data not shown). The PY of the mass spectrum shown in Figure 2 
The UVPD mass spectrum of [TyrI þ H] þ using 213 nm laser light is shown in Figure 2 
Influence of dose and fluence on UVPD PYs for protonated 3-iodo-L-tyrosine
The number of laser pulses and the laser fluence can affect PYs and influence the information content of UVPD mass spectra. Whereas a number of groups have investigated the influence of the laser wavelength on UVPD results for amino acids, peptides, and proteins, [17] [18] [19] 21, [33] [34] [35] reports on the fluence and laser pulse number dependence in UVPD experiments are sparse. 17, 19, 36 The dependence of Àln(1-
2 ) was used. With increasing number of pulses, the intensity of the precursor ion decreased relative to the sum of all ion intensities. This is reflected by the increase of Àln(1-PY) as a function of p in Figure 3 (3), (4), and (6) to the data, respectively. Thus, the pulse number dependence extracted from 266 nm UVPD experiments of [TyrI þ H] þ is most consistent with model (a) (or (b) with a beam overlap parameter a of about 100%) for single-photon photodissociation. Assuming that no relaxation mechanisms beside single-photon photodissociation exist, the absorption cross section of [TyrI þ H] þ at 266 nm is (0.2 AE 0.1) Â 10 À17 cm 2 . This value is in qualitative agreement with recent absorption cross sections of $0.3 Â 10 À17 cm 2 obtained by Herburger and coworkers in UVPD experiments of protonated leucine enkephalin, assuming single-photon dissociation for this tyrosine and phenylalanine-containing peptide. 19 
For 213 nm UVPD experiments [TyrI þ H]
þ was irradiated with 0.1 mJ/pulse, and for comparability to 266 nm UVPD experiments, a laser beam diameter of 1.5 mm ($50 J/m 2 ) was used. The UVPD results as a function of laser pulse number along with the best fits for equations (3), (4), and (6) are shown in Figure 3(b) . With increasing laser pulse number, Àln(1-PY) increases almost linearly until $15 laser pulses and then starts to saturate for laser pulse numbers above 15. This is also reflected by the MSEs which are 2 Â 10 À3 , 7 Â 10 À4 , and 3 Â 10 À2 for fits of equations (3), (4), and (6) to the data points, respectively. The large y-intercept of the fit for equation (3) of 0.07 and the improved description of the data by using equation (4) with an ion/laser-beam overlap of 80 AE 4% indicate that 213 nm UVPD also proceeds via single-photon dissociation but with an nonideal ion/laser-beam overlap. This is most likely due to the low pulse energy of the 213 nm laser. Therefore, for all following 213 nm UVPD experiments, the laser beam diameter was expanded to 3.5 mm to improve ion/laser-beam overlap. The absorption cross section extracted from the fit for equation (4) shown in Figure 3 (b) was (1.3 AE 0.1) Â 10 À17 cm 2 . Compared to 01 for 266 nm, the 213 nm absorption cross section was found to be increased by a factor of $6. This is consistent with the increase of 01 in the UVPD-derived absorption cross sections of Herburger et al. for protonated leucine enkephalin at short wavelength. 
UVPD measurements of [TyrI þ H]
þ using 266 nm and 213 nm laser light were also performed as a function of laser fluence (fixed beam diameter and varied laser pulse energy). The results are shown in Figure 4 . Similar to results presented in Figure 3 , Àln(1-PY) increases linearly but now as a function of laser fluence. Therefore, single photon dissociation according to equations (3) and (4) best describes the fluencedependent data for 266 nm and 213 nm UVPD of
þ . For example, the best fit, based on MSE values, for 266 nm UVPD using 10 pulses (Figure 4(a) ) was obtained when using equation (3) with an MSE of 7 Â 10 À4 , whereas the sequential two-photon absorption model (equation (6)) gave an MSE of 5 Â 10 À3 . The 01 for the results shown in Figure 4 (a) was found to be (0.2 AE 0.1) Â 10 À17 cm 2 , consequently consistent with the results from the pulse-dependent measurements in Figure 3(a) . The results for 266 nm UVPD of
þ using 20 laser pulses are shown in Figure 4 (b). Again equation (3) gave the fit with the smallest MSE but the slope is 0.0055 AE 0.0004 in Figure 4 (b) compared to 0.0030 AE 0.0003 in Figure  4 (a). This is due to the twofold number of laser pulses which, according to equation (3) Figure 4 (c). Single-photon absorption describes the dependence of Àln(1-PY) on fluence better than the other dissociation models, and the 01 of (1.7 AE 0.1) Â 10 -17 cm 2 is consistent with the pulsedependent results (Figure 3(b) ). Therefore, the photodissociation models allow to qualitatively differentiate between single-photon, sequential two-photon and, for fluence dependent UVPD measurements, also direct two-photon dissociation when measuring UVPD PYs as a function of and p.
Dose-and fluence-dependent UVPD of bradykinin
In order to study the influence of laser wavelength, number of pulses, and laser fluence in UVPD experiments with peptide ions, the well-characterized doubly protonated peptide bradykinin (
; m/z 530.787) with the sequence Arg-Pro-Pro-Gly-Phe-SerPro-Phe-Arg was dissociated using UVPD/CID, and results are shown in Figure 5 . The CID (NCE 24) tandem mass spectrum is shown in Figure 5(a) . The expected fragment ions of the b-and y-series were detected with the highest signal intensities, with e.g. þ as obtained from 266 nm UVPD experiments (circles) using 10 laser pulses (1.5 mm laser beam diameter). Best fits for the singlephoton dissociation (equation (3)), single-photon dissociation with imperfect ion/laser beam overlap (equation (4)), direct two-photon dissociation (equation (5)) and sequential two-photon dissociation (equation (6) þ from 213-nm UVPD experiments (circles) using 10 laser pulses (3.5-mm laser beam diameter). Best fits for equations (3), (4), (5), and (6) are shown as blue solid line, black dotted line, green dashed line, and red solid line, respectively. ion before dissociation occurs. This low PY and the detected CID-like fragment ions are consistent with results of Yeh et al. for 266 nm UVPD of peptide ions complexed with aromatic chromopores. 37 Most likely the low PY in UVPD for [M þ 2H] 2þ is the combined result of a low absorption cross section at 266 nm and a high dissociation threshold. 37 This is because
2þ contains only two phenylalanine groups that can serve as chromophores for 266 nm laser light and, assuming vibrational redistribution, the energy of every absorbed 4.6 eV photon is distributed over 447 degrees of freedom. While 266 nm UVPD led to low PYs and only CID-like fragment ions, the 213 nm UVPD (25 J/m 2 , 40 laser pulses) mass spectrum of
2þ contained more fragment ion signals and higher PYs as compared to 266 nm UVPD experiments ( Figure 5(c) ). The PY of the UVPD result shown in Figure 5 (c) is $26%, suggesting that the absorption cross section at 213 nm and the fraction of ions that overcome the dissociation threshold are significantly increased compared to 266 nm UVPD experiments. The increased PY at 213 nm compared to 266 nm is in accordance with the increased extinction coefficient of bradykinin in aqueous solution at 213 nm compared to 266 nm. 38 In addition to y-and b-type ions, an increased number of a-, c-, and z-ions as well as the unique (a þ 2) þ and (y-2)
. In recent studies, Dugourd and coworkers described the formation of (a þ 2) þ and (y-2) þ peptide ions in 213 nm UVPD experiments. 15, 39 The authors showed that proline residues are required to detect (a þ 2) þ and (y-2) þ peptide ions and based on molecular dynamics simulations conclude that upon 213 nm activation of the n* transition of the amide groups, non-ergodic dissociation of amide C-C and C-N bonds can yield (a þ 2) þ and (y-2) þ fragment ions. 39 These findings are consistent with the fragment ions and the increased PY in 213 nm UVPD ( Figure 5(c) ) compared to 266 nm UVPD ( Figure 5(b) ) results.
Due to the increased propensity to dissociate
2þ using 213 nm compared to 266 nm laser light and the inability to obtain sufficient PYs for low fluences or number of laser pulses in 266 nm UVPD, the number of laser pulses and laser fluence dependence of
2þ was studied using 213 nm UVPD experiments, and results are shown in Figure 6 . For dosedependent experiments, the fluence was fixed to 25 J/m 2 ( Figure 6(a) ), whereas the fluence dependence shown in Figure 6 (b) was measured by varying laser pulse energies and using 40 laser pulses per measurement. The best fits for the different dissociation models are included in Figure 6 (4) is not sufficient to describe the data for 213 nm UVPD of [M þ 2H] 2þ . For example, pulse-dependent ( Figure 6(a) ) and fluence-dependent (Figure 6(b) ) fits for equations (3) and (4) ( Figure 6(b) ), respectively. The y-intercept for model (a) (equation (3)) in Figure 6 is À0.03 (Figure 6(a) ) and À0.13 ( Figure 6(b) ) and thus one to two orders of magnitude larger than corresponding results for
Additionally, fits for equation (5) are not able to adequately describe the data. On the other hand, the sequential two-photon dissociation model (equation (6)) yields MSE values of 1 Â 10 À4 (Figure 6(a) ) and 3 Â 10 À5 (Figure 6(b) ) for the pulse-and fluence-dependent results, respectively. These values are lower than for the fits according to equations (4) and (5) (fluence dependence; MSE ¼ 1 Â 10
À4
) and lower than or comparable to fits for equation (3) that, however, require large y-intercepts to yield low MSEs. Despite the nonlinear dependence of Àln(1-PY) on dose and fluence for doubly protonated bradykinin, for the data shown in Figure 6 (a) no discussed model can sufficiently describe the experimental data. However, the combined . Precursor ion (blue area) and assigned peptide fragment ions are labeled.
information from pulse and fluence dependent experiments suggest that [M þ 2H] 2þ dissociates via sequential two-photon absorption followed by dissociation (model (c)) upon 213 nm laser irradiation. From the best fits for model (c) in Figure 6 (a) and (b) an absorption cross section of (1.2 AE 0.1) Â 10 À17 cm 2 and (1.1 AE 0.1) Â 10 À17 cm 2 was obtained, respectively. The conclusion that sequential UV photon absorption is responsible for dissociation of peptides in UVPD experiments is consistent with recent results of Herburger and coworkers. Their results suggest that protonated leucine enkephalin fragments via sequential UV photon absorption in UVPD experiments. 19 The presented results indicate that wavelength-, dose-, and fluence-dependent experiments could help to investigate energy redistribution and fragmentation mechanisms of peptide ions in UVPD experiments.
Dose-and fluence-dependent UVPD of cationized DOPC
UVPD and related mass spectrometric methods have mainly been used for peptide/protein and glycan sequencing in recent years.
1,2 Now, the potential of UVPD has also been recognized for studies in the field of lipidomics/metabolomics, and first results have just been published. 23, 25, 26 Therefore, the capabilities of our UVPD setup to structurally characterize lipids were investigated and results are shown in Figure S3 (a). Protonated 1,2-dioleoyl-sn-glycero-3- , and the corresponding UVPD mass spectrum is shown in Figure  S3 (a). No fragment ion signals were detected, even though the m/z 80-280 range, in which the phosphocholine head group loss at m/z 184.074 is expected, 6 was 1000-fold magnified. The lack of fragmentation of lipids using 266 nm UVPD is consistent with UV/Vis spectra of non-oxidized phospholipid solutions that do not absorb 266 nm light but start absorbing at $220 nm due to n* and * transitions of the ester groups. 40 In accordance with the solution UV/Vis spectra of phospholipids, fragment ions were detected in 213 nm UVPD experiments (40 pulses, 25 J/m 2 ) of
þ with a PY of $9% ( Figure S3(b) ). The phosphocholine ion (m/z 184.074
2 ) was the fragment ion signal with the highest intensity, whereas the loss of neutral oleic acid (m/z 504.345, circle) and neutral oleic acid minus water (m/z 522.355, star) were minor fragmentation products. Similar UVPD results were obtained for [DOPC þ Li] þ and results are shown in Figure S3 (c). However, due to the low intrinsic 213 nm/266 nm absorption cross sections of phospholipids, PYs in UVPD experiments are typically low, preventing dose-and fluence-dependent measurements.
In order to boost the PYs of phospholipids and in order to investigate their UVPD fluence and dose dependence, DOPC was cationized with the UV lightabsorbing transition metal ion Fe 2þ and [DOPC þ Fe(II)] 2þ was subjected to 213 nm UVPD. Corresponding results are shown in Figure 7 . The precursor ion signal at m/z 420.763 exclusively fragments upon 213 nm UVPD to form signals m/z 337.182 and m/z 504.344 (Figure 7(a) Figure  S3 (3) and (4) with fits for two-photon and sequential two-photon UVPD events. In particular, MSE values of results shown in Figure  7 (b) for equations (3) and (4) are 5 Â 10 À5 /4 Â 10 À5 , whereas the fit for equation (6) yields an MSE value of 1 Â 10 À3 . Similarly, fluence-dependent results ( Figure  7 (c)) are best described by one-photon UVPD models (MSE 2 Â 10 À5 /9 Â 10 À5 according to equations (3) and (4)), whereas fits for the two-photon UVPD models yield considerably increased MSE values (MSE 7 Â 10 À4 /1 Â 10 À3 according to equations (5) and (6) þ and (y À 2) þ ions in 213 nm UVPD experiments. However, the and p dependence indicate that UVPD of this nine amino acid peptide follows a sequential two-photon dissociation mechanism, consistent with recent results for leucine enkephalin. 19 First UVPD results for lipids indicate that 213 nm UVPD is best suited to obtain structural information (head group, fatty acid moieties) from these tandem mass spectra, but that the low intrinsic absorption cross sections of lipids prevent fluence and dose-dependent measurements. Attachment of Fe 2þ to the model lipid DOPC helps to boost PYs, enabling dose-and fluence-dependent measurements, which indicate that single-photon UVPD of [DOPC þ Fe(II)] 2þ takes place. The presented UVPD results show that the twowavelength UVPD setup combined with the accurate mass/high mass resolution FT-ICR MS is a versatile tool to investigate structures of endogenous biomolecules such as lipids and peptides. The introduced dissociation models may present an easy means to study the mechanism of UVPD processes or optimize experimental conditions by simply adjusting laser fluence or number of laser pulses to achieve the desired PYs. Especially for lipids, future research efforts will be directed toward the improvement of PYs or development of structure sensitive UV active probes as presented for [DOPC þ Fe(II)] 2þ in order to structurally characterize lipids in a ''top-down'' approach potentially on the chromatographic time scale. 
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